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The endoplasmic reticulum (ER) is the central organelle in the eukaryotic secretory pathway.
The ER functions in protein synthesis and maturation and is crucial for proper maintenance
of cellular homeostasis and adaptation to adverse environments. Acting as a cellular
sentinel, the ER is exquisitely sensitive to changing environments principally via the ER
quality control machinery.When perturbed, ER-stress triggers a tightly regulated and highly
conserved, signal transduction pathway known as the unfolded protein response (UPR) that
prevents the dangerous accumulation of unfolded/misfolded proteins. In situations where
excessive UPR activity surpasses threshold levels, cells deteriorate and eventually trigger
programmed cell death (PCD) as a way for the organism to cope with dysfunctional or toxic
signals. The programmed cell death that results from excessive ER stress in mammalian
systems contributes to several important diseases including hypoxia, neurodegeneration,
and diabetes. Importantly, hallmark features and markers of cell death that are associated
with ER stress in mammals are also found in plants. In particular, there is a common,
conserved set of chaperones that modulate ER cell death signaling. Here we review the
elements of plant cell death responses to ER stress and note that an increasing number of
plant-pathogen interactions are being identiﬁed in which the host ER is targeted by plant
pathogens to establish compatibility.
Keywords: unfolded protein response, ER, autophagy, stress response and stress tolerance, PCD
INTRODUCTION
The endoplasmic reticulum (ER) contains the necessary machin-
ery to ensure quality protein synthesis, maturation and secretion
(Sparkes et al., 2009; Eichmann and Schafer, 2012). Adverse envi-
ronmental stresses can impact this ER quality control (ER QC)
machinery causing unfolded/misfolded proteins to accumulate in
the ER. Perturbations in ER function are identiﬁed by transmem-
brane sensors which activate signal transduction that increases
gene expression of ER resident chaperones and foldases. Collec-
tively, this is known as the unfolded protein response (UPR). The
UPR orchestrates restoration of ER homeostasis and protein pro-
duction by: (i) inducing expression of chaperones and foldases
to facilitate protein folding, (ii) translational repression to reduce
the protein load on the ER and (iii) removal of unfolded proteins
from the ER for degradation via the proteasome (Liu and Howell,
2010b).
In addition to protein synthesis and maturation, the ER also
serves as the primary reservoir for intracellular Ca+2 storage. The
Ca2+ that is concentrated in theER facilitates the activity of ER res-
ident chaperones and foldases. Themitochondria inﬂuences Ca2+
release from the ER as well as returning Ca2+ during a recovery
phase (Berridge, 2002). Thus the ER and mitochondria cooperate
to generate a continuous, tightly regulatedCa2+ signalingpathway.
Moreover, ER stress is one stimulus that can trigger the release of
Ca2+ from the ER into the mitochondria resulting in diminished
protein folding capacity in the ER.
MAMMALIAN RESEARCH HAS PROVIDED A FRAMEWORK
LINKING ER STRESS AND PROGRAMMED CELL DEATH
Inmammals, chronic stress on theER canpromote oxidative stress,
autophagy, and apoptotic cell death. In plants, the UPR is also
linked to oxidative stress and PCD regimes that include autophagy.
Cell death is seen as an adaptive and intended response to rein-
force a system that is overwhelmed. Thus, in situations where
the demand for protein and/or Ca+2 outweighs a given cells abil-
ity to cope, prolonged ER stress leads to harsher measures and
activates a PCD that, in mammals, can be either autophagous
and/or apoptotic (Hetz, 2012; Jager et al., 2012). In this review
we focus on ER-directed cell death pathways in plants and dis-
cuss; (i) signal transduction mediating ER-stress induced cell
autophagic/programmed cell death; (ii) the role of ER resident
chaperones in suppressing PCD, (iii) the regulation/crosstalk of
ER-induced PCD and autophagy pathways, and (iv) ER-stress
regulated PCD during plant pathogen interactions.
ER SENSORS CONTROL STRESS RESPONSES AND CELL DEATH
PATHWAYS
The detection of ER stress and mediation of UPR signaling occurs
via sensors located at the ER membrane. In mammals there are
three transmembrane embedded sensors: IRE1, ATF6, and PERK
(Walter and Ron, 2011). Each of these sensors initiate signaling
pathways that can restore ER homeostasis or under conditions
of chronic stress and increasing damage, activate alternative
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routes leading to cell death. The type 1 transmembrane protein,
kinase/endoribonuclease inositol-requiring enzyme 1 (IRE1 a and
b), is a dual functioningprotein. IRE1has ribonuclease activity and
is responsible for splicing X-box binding protein-1 (XBP) mRNA,
generating the transcription factor XBP1 (Yoshida et al., 2001).
XBP1 translocates to the nucleus where it activates the expression
of cytoprotective genes, includingmembers of the ERQCpathway.
IRE1 is also capable of activating the apoptotic-signaling kinase 1
(ASK1) and Jun-N-terminal kinase (JNK) that promote apopto-
sis (Koizumi et al., 2001; Nagashima et al., 2011; Humbert et al.,
2012).
In plants, IRE1a and IRE1b localize to the perinuclear ER and
the signaling pathways that emanate from these sensors include a
completely separate set of intermediary factors from those identi-
ﬁed in mammals (Koizumi et al., 2001). In fact recent data suggest
a distinct and specialized role for IRE1b in ER stressed but not
nutrient stressed induced autophagy and further suggests that an
alternative pathway is in play during autophagy responses during
nutrient deprivation in plants (Liu et al., 2012).
IRE1 activates mRNA splicing of the transcription factor,
bZIP60 which recognizes promoters with a recently identiﬁed ER
stress responsive cis-element UPRE-III in the NAC103 promoter.
The NAC103 transcription factor activates several UPR related
foldases including CRT1, CNX, PDI-5 (Sun et al., 2013a). Both
IRE1 proteins have been reported to be expressed throughout the
plant (Noh et al., 2002). While autophagy markers including the
formation of autophagosomes were observed following nutrient
starvation, wild type, IRE1a and IRE1b mutants resulted in simi-
lar phenotypes; (Liu et al., 2012). Treatment of Arabidopsis IRE1a
and IRE1b knock out mutants with the well-known ER stress
inducers, tunicamycin (TM) and dithiothreitol (DTT), resulted
in contrasting phenotypes. Application of DTT and TM induced
the formation of autophagosomes in IRE1amutants and wild type
plants. In contrast, autophagy was not induced in IRE1b mutants
under the same conditions (Liu et al., 2012). ER stress-induced
autophagy in plants occurs only via the IRE1b-mediated pathway
(Koizumi et al., 2001; Liu et al., 2012).
In mammals, ATF6 is a type II transmembrane basic leucine-
zipper (bZIP) domain-containing activating transcription factor
(Yoshida et al., 2001). Upon ER stress ATF6 moves through the
Golgi compartment and is cleaved by cellular proteases for mat-
uration. The plant equivalents to the mammalian ATF6 pathway,
are two key ER-localized, membrane tethered transcription fac-
tors, bZIP17 and bZIP28 (Liu et al., 2007a,b). Similar to ATF6,
bZIP17, and bZIP28 are activated following detection of accu-
mulating unfolded proteins in the ER and then translocate to the
Golgi apparatus where they are cleaved by Golgi-localized pro-
teases for maturation. In the nucleus bZIP17 and bZIP28 activate
expression of cytoprotective chaperones and foldases, facilitating
the formation of correct macromolecular structures and protein
folding, respectively (Liu et al., 2007a,2008; Liu andHowell, 2010a;
Srivastava et al., 2012).
The third ER resident sensor identiﬁed inmammals is the type I
transmembrane protein kinase RNA-like ER kinase (PERK). Upon
detection of unfolded proteins and ER stress, PERK phosporylates
and inactivates the translation initiation factor eIF2a to shut down
protein synthesis (Harding et al., 2000). PERK also activates the
transcription factor CHOP which induces gene expression that
leads to apoptosis. Translational regulation may not be entirely
conserved since no obvious PERK homologs have as yet been
identiﬁed in plants (Urade, 2009; Eichmann and Schafer, 2012).
Calcium stores in the ER are critical for the functioning of cer-
tain ER resident foldases. Calcium imbalance in the ER can disrupt
the functioning of this protein folding pathway causingmalformed
proteins to accumulate. Release of Ca+2 from the ER can inter-
fere with protein folding and leads to increased Ca2+ levels in
the mitochondria and can promote oxidative stress and ultimately
cell death (Berridge, 2002). Given the critical role of calcium in
protein folding, oxidative stress andprogrammed cell death,mam-
malian systems utilize several different regulators including Bcl-2
and family members (Bax, and Bak), which are cytoprotective cal-
cium sensors that modulate the release of ER Ca+2 stores and
regulate cell death. Given the importantance of calcium in protein
folding in the plant ER, it is in some ways surprising that genome
sequence comparisons between plants andmammals indicate that
these Bcl-2 family members are not present in plants, at least at
the level of primary DNA sequence. Remarkably, transgenically
expressed cytoprotective Bcl-2 and others (e.g., nematode Ced-
9, chicken Bcl-xl; insect IAP; viral p35) function in plants in a
similar manner to what occurs in animals including inhibiting
PCD in response to pathogen invasion and abiotic/environmental
stresses, in accordance with transkingdom pathway conserva-
tion (Dickman et al., 2001; Lincoln et al., 2002; Williams and
Dickman, 2008; Dickman and Fluhr, 2013). Thus mammalian
anti-apopotic machinery functions in plants and points to a con-
served apoptotic-like PCD mechanism for death in plants. A key
issue that is not entirely reconciled, is that there is little evi-
dence for conservation at the DNA/gene level. We have suggested
that structural homologies independent of sequence account for
functional conservation, and indeed we have shown this to be
the case when we uncovered the Arabidopsis BAG gene family
(Doukhanina et al., 2006; Kabbage and Dickman, 2008; Williams
et al., 2010). Initial blast analyses of Arabidopsis nucleotide and
amino acid sequences failed to identify homologs of the mam-
malian BAG family. Therefore more sensitive methods were used
based on higher level conservation including Hidden Markov
Modelling (HMM) and proﬁle-proﬁle alignment algorithims to
identify seven BAG members in Arabidopsis (Doukhanina et al.,
2006). Unlike animals, plant BAGs display unique sub-cellular
localisation; the three predicted calmodulin-binding BAGs are
localized in the ER, mitochondria and vacuole, all of which are
known Ca2+ reservoirs and mediators of cell death pathways
(Kabbage and Dickman, 2008;Williams et al., 2010; Dickman and
Fluhr, 2013).
WHEN PROTEINS FAIL TO FOLD- PROTEIN DEGRADATION OR
SELF-DESTRUCTION?
There are occasions when proteins fail to mature in the ER and
as a result, they are exported from the ER for degradation by the
ubiquitin-proteasome system as part of the endoplasmic retic-
ulum assisted degradation (ERAD) pathway (Liu and Howell,
2010b; Huttner and Strasser, 2012). When plants are subjected to
environmental stress, the levels of malformed proteins can over-
whelm the ERQC and the ERAD associated systems. Continuing
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ER stress requires harsher measures including oxidative stress that
can lead to autophagy or apoptosis in mammals (Hetz, 2012; Jager
et al., 2012; Figure 1). How these life/death decisions are made;
where is the point-of no return from commitment to death; how
these options are distinguished, identiﬁcation of the key regula-
tory and the nature of PCD pathways promises to be of continuing
interest.
Autophagy involves the sequestration of unwanted or damaged
proteins and organelles in characteristic double membrane vesi-
cles known as autophagosomes. There aremore than 30 autophagy
(ATG) related genes in yeast, many of which have been identiﬁed
in mammals and plants. The mechanism of autophagosome for-
mation has been described elsewhere but it is important here to
recognize that the ER is active in the formation of these dou-
ble membrane vesicles (Axe et al., 2008). Autophagosomes engulf
cytosolic constituents and/or damaged organelles then deliver
their “cargo” to either the vacuole (plants) or lysosome (mam-
mals) where they are degraded. Autophagy is often viewed as
a drastic measure taken by cells to eliminate damaged proteins
or organelles with the goal of restoring cellular homeostasis, as
FIGURE 1 | ER-mediated cell death pathways in plants.The ER and ER
stress pathways are key molecular switches of at least three routes leading to
cell death, (i) intracellular signaling pathways - ROS triggers the mobilization
of Ca2+ from the ER to the Mitochondria, resulting in a mitochondrial
permeability transition pore (PTP), selective leakage of apoptotic factors,
additional release of Ca2+ from the ER and cell death (Yellow arrows).
(ii) ER-vacuole directed autophagy - ER-localized Beclin-1 initiates
autophagosome formation, autophagy, and cell death, and (iii) NRP-directed
cell death - detection of ER and osmotic stress activates the transcription
factor GmERD15 which triggers expression of NRPA and -B. Once expressed,
the NRPs activate the cell death effector GmNAC81 leading to DNA
fragmentation and cell death (white arrows).
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ﬁrst noticed during conditions of yeast starvation (Takeshige et al.,
1992).
Autophagy is involved with the UPR via the IRE1a pathway
in mammals (Sano and Reed, 2013). In plants, autophagy is
linked to IRE1b but splicing of bZIP60 mRNA is not required for
autophagy. This dispensability of IRE1b splicing of bZIP60 sug-
gests one of two possibilities; IRE1bmay have an additional, as yet
unknown splicing target that is linked to activation of autophagic
machinery (Liu et al., 2012), or IRE1b may have additional func-
tions (e.g., kinase activity) which activate an alternate signaling
cascade.
Several environmental, nutritional, pathogenic and metabolic
conditions including those that promoteER stress have been linked
with autophagy. Thus a growing body of evidence suggests that
autophagy can play opposing roles by promoting both cell sur-
vival and cell death (Liu et al., 2005; Hayward and Dinesh-Kumar,
2011). Moreover, as the ER is also crucial for maintenance of
cellular homeostasis under stress, autophagy mediated trafﬁck-
ing of nutrients and removal of “damaged goods” can provide the
cell necessary time for ER-stress adaptation. Thus, during times
of excessive ER stress, autophagy may act as a cellular backup to
ERADbolsteringUPRandERADcapacity in addition toproviding
essential nutrients to penurious cells (Yorimitsu et al., 2006).
ER AND PLANT PCD
Programmed cell death is essential for normal growth and devel-
opment (Kerr et al., 1972), however, disease occurs when PCD is
inappropriately regulated (too much, too little). In mammals this
can lead to a range of pathologies including cancer to Parkinson’s
disease. The UPR, autophagy and Ca2+ signaling between the ER
and mitochondria are core components of the PCD machinery.
These core components have recently been identiﬁed in plants thus
linking the UPR to PCD and innate immunity (Ma and Berkowitz,
2007; Martinon and Glimcher, 2011; Stael et al., 2012).
In plants there are four key ER resident factors that link Ca+2
stores to UPR and cell death regulation. These are calreticulin,
calmodulin, ER-type IIA Ca2+ pump, and type IIB Ca+2-ATPase.
Calreticulin is a Ca+2 binding protein that chaperonesmaturation
of glycoproteins in the ER (Jia et al., 2009). Calmodulin is a Ca+2
sensor that recognizes changes in Ca+2 levels in the ER and acti-
vates immune related PCD (Ranty et al., 2006; Ma et al., 2008; Du
et al., 2009). Application of the ER-type IIA Ca2+ pump inhibitor
cyclopiazonic acid (CPA) leads to increased cytosolic Ca2+, cross-
talk withmitochondria and PCD in soybean (Zuppini et al., 2004).
The formation of the so-calledmitochondrial permeability transi-
tion pore (PTP), an establishedmarker of PCD, allows the selective
leakage of several stress signals and cell death regulators sensitiz-
ing ER channels to further release of Ca2+ in a positive feedback
loop (Berridge, 2002). In addition, the ER localized type IIB Ca+2-
ATPase regulates N-mediated PCD in response to infection with
Tobaccomosaic virus (TMV;Zhu et al., 2010). Perturbations in ER
function, however, promote the release of Ca2+ from the ER into
the mitochondria resulting in diminished protein folding capac-
ity, ER stress, the formation of PTP and subsequent apoptosis
(Berridge, 2002).
In addition to disruption of ER function and the accumulation
of unfolded proteins, studies have shown that depletion/release of
Ca2+ from the ER is promoted by pro-deathmembers of the Bcl-2
family (Scorrano et al., 2003; Hammadi et al., 2013). Additionally,
cytoprotective anti-PCDproteins such as Bcl-2 have been shown to
prevent PCDby suppressing the release ERCa2+ (Lamet al., 1994).
One protein that may facilitate ER Ca2+ homeostasis by acting
as a Ca2+ permeable channel is Bax inhibitor and is discussed
below.
A plant-speciﬁc branch of the ER stress pathway was recently
noted in soybean; N-rich protein (NRP)-mediated cell death.
NRPs are asparagine rich proteins that represent the hallmarks
of an integrative pathway linking ER and osmotic stress signal-
ing (Reis and Fontes, 2012). The combination of ER-stress and
osmotic stress activates the transcription factor GmERD15 which
in turn binds to and triggers expression of N-rich protein genes
including NRP-A and NRP-B (Reis and Fontes, 2012). Overex-
pression of these NRPs in soybean induces the cell death effector
GmNAC81, activating a caspase-3-like activity promoting DNA
fragmentation; features associated with PCD. The ER chaper-
one BiP limits spread of this death signal (Reis et al., 2011). In
a yeast two-hybrid screen for GmNAC81 interactors, GmNAC30
was identiﬁed. Interestingly, a functionally relevant binding site
for GmNAC81/ GmNAC30 was found in the promoter of vac-
uolar processing enzyme (VPE; Mendes et al., 2013). VPE is a
plant protease the activity of which, is important for viral and
bacterial-induced HR. VPEs have been reported on several occa-
sions to induce PCD in plants following pathogen challenge.
Although structurally unrelated to caspases, VPE has caspase-1
(an inﬂammatory caspase) activity (Hatsugai et al., 2004; Hara-
Nishimura et al., 2005; Kuroyanagi et al., 2005). This system
links ER stress, the UPR, and cell death regulation. Transgenic
tobacco plants overexpressing BIP show enhanced water stress
tolerance (Alvim et al., 2001; Valente et al., 2009), thus there
is a potential biotechnological application by generating crop
plants (e.g., soybean) overexpressing BiP that would mitigate
ER stress and lead to enhanced water stress tolerance. Interest-
ingly, NRP signaling is believed independent of the known ER
resident stress sensor mechanisms; thus it will be of particular
interest to identify key components and piece together these PCD
pathway(s).
ROLE OF THE ER RESIDENT CHAPERONES BAG-7, BIP AND
BI-1 IN LIMITING CELL DEATH
BAG FAMILY OF PROTEINS
Members of the Bcl-2-associated athanogene (BAG) family are
a conserved group of eukaryotic co-chaperones that assist in
protein folding and diverse cellular processes including apopto-
sis and stress signaling. The Arabidopsis BAG family contains
seven members and unlike its mammalian counterparts which
are primarily cytosolic, different family members localize to dif-
ferent sub-cellular organelles (Doukhanina et al., 2006; Kabbage
and Dickman, 2008; Williams et al., 2010). BAG proteins regulate
Bcl-2, interact with Hsp70/Hsc70, and associate with the ubiq-
uitin/proteasome systems in animals. BAG proteins function in
processes that promote cell survival in both plants and animals
(Kabbage and Dickman, 2008).
In the ER, AtBAG7 plays a key role in UPR pathways, partic-
ularly in response to heat and cold stress (Williams et al., 2010).
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AtBAG7 directly binds to the ER-resident sensor and chaperone
AtBiP2 (Williams et al., 2010) and likely provides essential co-
chaperoning activity needed to prevent the build-up of unfolded
proteins and limit cell death as a result. Interestingly, AtBAG7
mutants display hypersensitivity to the ER-stressor and autophagy
inducer TM, suggesting that AtBAG7 plays a role in the regu-
lation of autophagy pathways (Williams et al., 2010). Moreover
such mutants were also sensitive to the ER stress stimuli heat
and cold.
Subsequent staining of TM treated wild type and AtBAG7
mutant plants with the autophagosome detecting dye mon-
odansylcadaverine (MDC) however, showed autophagosomes are
formed in the presence or absence of AtBag7. Thus, AtBag7 does
not appear to be necessary for autophagy. Our preliminary data
indicates that AtBAG7 translocates from the ER to the nucleus in
response to heat stress. Yeast two hybrid and BIFC studies show
that following nuclear translocation, AtBAG7 binds to the tran-
scription factor BTF3, a member of the NAC family of stress
responsive transcription factors. It is reasonable to hypothesize
that ER-localized AtBAG7 activates stress response pathways via
translocation to the nucleus and transcriptional activationof genes
associated with abiotic stress protection. In this respect AtBAG7
may not only play a role as an important ER co-chaperone but
may be an important mediator of ER – nucleus signaling dur-
ing ER stress responses. Studies are in progress to determine the
contributions of AtBAG7 to the UPR and PCD.
BiP
The ER luminal binding protein (BiP/Grp78) is a member of the
heat shock protein 70 (HSP70) family (Haas, 1994). It is the most
abundant ER-chaperone, and a key player of the ERQCmachinery.
BiP binds to and suppresses the activity of the mammalian ER
stress sensors, PERK, IRE1, and ATF6 and the plant ER stress
sensors IRE1, bZIP17, and bZIP28 (Srivastava et al., 2013). Upon
detection of unfolded proteins, however, BiP is released and binds
to unfolded proteins thus leaving IRE1 free to oligomerise and
splice bZIP60 mRNA, the result of which induces transcription of
UPR associated genes.
Three BiP isoforms have been identiﬁed in Arabidopsis (Lin
et al., 2001). Expression of BiP is induced by environmental stres-
sors such as heat, salinity andpathogen invasion (Sung et al., 2001).
Expression proﬁling has shown that BiP 1 and 2 are constitutively
expressed while activation of BiP3 is triggered by bZIP60 as part of
the UPR (Iwata et al., 2008; Deng et al., 2011). BiP3 expression is
also induced in the absence of bZIP60, suggesting additional fac-
tors mediate transcription of BiP3 in the IRE/bZIP60 pathway. As
mentioned BiP mediated inhibition of UPR is a factor in drought
in transgenic tobacco (Alvim et al., 2001). BiP is also a negative
regulator of ER stress related cell death during pathogen inva-
sion (Jelitto-VanDooren et al., 1999). Surface exposed leucine rich
receptors are responsible for recognition of the bacterial pathogen-
associated molecular patterns (PAMPs) and are critical in plant
defense. Complex formation between BiP, and other ER resident
proteins such as stromal-derived factor-2 (SDF-2) and calretic-
ulin is essential for the glycosylation, activity and accumulation
of the receptor kinases EFR and Cf-9, respectively. Similarly, loss
of BiP complex formation causes ER retention and reduced levels
of EFR and Cf-9 (Nekrasov et al., 2009; Liebrand et al., 2012).
Taken together, in addition to reducing unfolded protein levels,
BiP stabilizes immune receptors to facilitate host defense.
BAX INHIBITOR (BI-1)
Initially identiﬁed as a suppressor of BAX-induced (BI) cell death
in yeast and mammalian cells, Bax-inhibitor proteins are highly
conserved ER localized, multi-transmembrane proteins (Ishikawa
et al., 2011). BI-1 genes are one of the few examples of a gene iden-
tiﬁed and characterized in both animals and plants that speciﬁcally
regulate PCD. There is increasing evidence that BI-1 plays roles in
bothPCDand autophagy to regulate the switching of ER-mediated
cell death pathways from autophagy to PCD (Castillo et al., 2011;
Carvalho et al., 2013).
Over-expression of BI-1 reduces PCD as well as the cytosolic
Ca2+ concentration, potentially by functioning as a pH sensi-
tive regulator of ER calcium channel activity. Evidence for these
functions is supported by topology studies which indicate that
the C-terminus of BI-1 forms a Ca2+ pore that could act as the
source for its Ca2+ -leaking properties (Bultynck et al., 2012). BI-1
also plays a role in autophagy responses via interaction with the
ER stress sensor, IRE1; via interaction with BI-1, IRE-1 is activated
leading to induction of UPR gene expression (Lisbona et al., 2009).
As inmammalsArabidopsis/plant Bax Inhibitor-1 (AtBI-1) also
suppresses Bax when expressed in tobacco, as well as several abi-
otic and biotic stress-induced PCD (Watanabe and Lam, 2006,
2008). AtBI-1 mutants also display increased sensitivity to ER
stress factors such as heat and TM. Conversely, Arabidopsis plants
over expressing AtBI-1 are more tolerant to TM, heat and cold
stress (Watanabe and Lam, 2008). Studies have indicated that BI-
1 functions downstream of ROS generation; over-expression of
BI-1 in Arabidopsis did not suppress BAX-induced ROS produc-
tion but still prevented PCD (Kawai-Yamada et al., 2001, 2004).
AtBI-1 prevents Bax-induced cell death at least in part, by main-
taining ER Ca2+ homeostasis (Ihara-Ohori et al., 2007). AtBI-1
knockouts display accelerated methyl jasmonate-induced senes-
cence pathways further linking the ER to autophagy (Yue et al.,
2012).
A role for BI-1 in the regulation of plant autophagy responses
is also suggested by starvation experiments. Carbon starvation
is a known inducer of autophagy in plants and animals; down-
regulation of the tobacco BI-1 homolog augments cell death upon
starvation (Bolduc and Brisson, 2002). Importantly, Arabidopsis
BI-1 knockouts did not display any developmental abnormalities
suggesting a speciﬁc role for BI-1 during these stress conditions.
DEATH BY DESIGN? THE ROLE OF BECLIN-1 AND BCL-2 IN
ER-INDUCED AUTOPHAGY AND PCD
Prolonged ER stress and/or excessive autophagy may induce PCD;
paradoxically, autophagy mutants display increased PCD during
nitrogen starvation. Thus either too much or too little autophagy
can lead to PCD. The relationship and cellular decision process
mediating autophagy vs. PCD is largely unknown. During the
initial stages of stress, autophagy pathways may be triggered to
reduce ER stress and prevent apoptosis. As a result homeostasis
is maintained but whether the default state of autophagy is pro-
survival or pro-death (or both) remains to be elucidated, as there
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are examples of both situations (Hoﬁus et al., 2009, 2011; Xu et al.,
2013) As in the case of N-gene mediated resistance to TMV, pro-
survival roles for autophagy in cytoprotective cell death, include
the “controlled sacriﬁce” of select cells and organelles provid-
ing nutritional building blocks to the organism/cell, maintaining
energy homeostasis during a potentially lethal situation. Impor-
tantly, for N-gene mediated resistance to tobacco mosaic virus,
autophagy is needed to limit the extent of cell death surrounding
the cells attacked by the virus (Liu et al., 2005). If autophagy is
blocked, disease symptoms are no longer constrained. In other sit-
uations, sustained autophagy triggers apoptosis in mammals and
in this case cell deathmay not be cytoprotective (Rikiishi, 2012). In
this respect autophagy may be considered as a last ditch effort for
cell survival, once the irreversible apoptotic cell decision is made,
death is inevitable. The salient details as to how and when these
life-death decisions are determined, also remain to be established.
In mammals the interaction between Bcl-2 and Beclin-1 functions
as a switch that drives the direction of signaling either toward
autophagy or apoptosis (Oberstein et al., 2007).
The Bcl-2 family contains both pro-apoptotic proteins (e.g.,
BAX) and anti-apoptotic proteins including Bcl-2 (Reed, 1998).
Family members are distinguished by 1-4 so-called BH (Bcl-2
homology domains). BH3 domains are of particular importance
as all pro-apoptotic family members harbor this signature “death”
domain required for apoptosis. Anti-apoptotic proteins inhibit
cell death by binding to these domains. Beclin-1 (ATG6) is a con-
served BH3 domain containing protein and primary component
of the autophagy pathway that was initially identiﬁed as a Bcl-2
interacting protein. Bcl-2, if in sufﬁcient concentration inhibits
Beclin-1 mediated autophagy by binding to the BH3 domain in
Beclin-1, thereby removing free Beclin-1. Thus Bcl-2 is not only
anti-apoptotic, but also anti-autophagic. If Beclin-1 is in excess,
Bcl-2 is tied up and autophagy ensues. Thus Beclin-1 serves as a
checkpoint dictating thebalancebetween apoptosis and autophagy
pathways. The BH3 domain of Beclin-1 interacts with several anti-
apoptotic Bcl-2 familymembers (Maiuri et al., 2010). Once bound,
Beclin-1 is unable to assemble the pre-autophagosome complex
thereby inhibiting autophagy while promoting apoptosis (Sinha
and Levine, 2008). Plant Beclin-1 appears functionally and struc-
turally similar to mammalian Beclin-1 (Sinha and Levine, 2008)
with a notable difference; plant Beclin-1 lacks themammalianBH3
death domain. Is there a functional or structural equivalent?What
are the underlying mechanisms of Beclin-1 mediated autophagy
and/or PCD?
ER-CELL DEATH PATHWAYS AND PLANT PATHOGEN
INTERACTIONS
Recent research has begun to identify links between plant
pathogens and ER stress related cell death. Studies with Potato
virus X (PVX) show that the ER residing PVX TGBp3 movement
protein activates the transcription factor bZIP60 to trigger the
UPR as well as eliciting PCD (Ye et al., 2012, 2013). The mecha-
nism appears to be conserved across host species, with expression
of TGBp3 inducing the same sets of genes in Arabidopsis thaliana
and Nicotiana benthamiana. Tobacco rattle virus mediated knock-
down of the bZIP60 pathway signiﬁcantly blocked accumulation
of PVX in both protoplasts and whole plants; thus activation of
bZIP60 is required for PVX replication. Additionally, inﬁltration
of Agrobacterium carrying a TGBp3 expression system induced an
HR in tobacco that could be abrogated by co-expression of BiP but
not by anti-apoptosis genes Bcl-xl, Ced-9, Op-IAP. Such a hyper-
sensitive response was not elicited upon inﬁltration of either TMV
or PVX, thus indicating that TGBp3 elicits PCD but also the UPR
for survival (Ye et al., 2013).
Reoviruses are double-stranded RNA viruses and infect a wide
range of eukaryotes. Rice black-streak dwarf virus (RBSDV) P10
outer capsid protein induces ER stress and the UPR in N. ben-
thamiana. Similar to the PVX TGBp3 protein, P10 associates with
the ER and induces expression of bZIP60, BIP, PDI, and Calmod-
ulin (CAM). Mammalian infecting reoviruses are also known to
elicit the UPR to beneﬁt virus replication and assembly. These
viruses can sequester pro-death factors inside viroplasms to reg-
ulate antiviral defenses that could radiate from UPR initiation.
These data suggest that virus interactions with theUPRmachinery
are conserved across eukaryotes and offer some unique perspec-
tives on how viruses could control PCD via their interaction with
the ER (Zambrano et al., 2011; Sun et al., 2013b).
Endoplasmic reticulum resident chaperones, BiP and calreti-
culin (CRT) have also been demonstrated to play a key role in
resistance against the vascular wilt necrotrophic fungal pathogen
Verticillium dahliae. Tomato Ve1, an LRR receptor-like protein
confers resistance in tomato to V. dahliae. In a screen employing
GFP fusions, immuno-screening and mass spectrometry, poten-
tial binding partners with Ve1 were identiﬁed including several
ERQC chaperones including BiP and a lectin-like calreticulin
(CRT) (Liebrand et al., 2014). Knockdown of tomato BiPs and
CRT in the tomato plants carrying theVe1 gene resulted in reduced
resistance to Verticillium suggesting that both ERQC chaperones
contribute to plant immunity. Interestingly, parallel experiments
in tobacco and N. benthamiana failed to detect changes in gly-
cosylation on Ve1 and unlike non-silenced tomato there was no
suppression of HR, even though plants were more susceptible in
the Ve1 CRT silenced tobacco lines. This suggests that a HR is not
required and/or could indicate an uncoupling between cell death
and resistance. An interesting example of ER targeting for compat-
ibility was elegantly demonstrated in studies with Piriformospora
indica, a fungal mutualist (Qiang et al., 2012). For successful root
colonization P. indica initially colonizes living cells. During this
period the fungus triggers ER stress but inhibits the UPR. Of note,
VPE was also induced and mediated ER stress and cell death in
large part by suppressing the host (Arabidopsis) UPR pathway. A
similar scenario of colonizing living cells while preparing for their
doomvia ER stress regulationmight be occurring inVerticillium as
described above as well as the necrotroph Sclerotinia sclerotiorum.
Sclerotinia is an aggressive, broad host range necrotroph that was
recently shown to also colonize living cells prior to fungal induced
host cell death. Sclerotinia oxalic acidmutants are non-pathogenic
and elicit in the host a bona ﬁde HR and autophagy (Kabbage
et al., 2013). Treatment of this non-pathogenic mutant with DTT
partially restored pathogenicity suggesting that the fungus may
require ER stress control for successful infection (Williams et al.,
2011).
Studies using differential lines of barley to the powdery mildew
fungus Blumeria graminis f.sp. hordei (Bgh) suggest a functional
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role for BI-1, the ER and UPR in response to fungal challenge
(Huckelhoven et al., 2003). Several lines of evidence suggest an
inverse relationship between BI-1 function and host penetration
resistance against the powdery mildew fungus. Overexpression of
barley BI-1 increased susceptibility to Bgh. Barley BI-1 expression
is signiﬁcantly suppressed following application of the salicylic
acid analog, 2,6-dichloroisonicotinic acid (INA), an inducer of
systemic resistance (Huckelhoven et al., 2003) Together the cell
death suppressing activity of cytoprotective BI-1, compromises
host defense mechanisms that generate a PCD –HR for resistance,
providing a link between PCD host defense pathways and BI-1
expression.
CONCLUSION
We are just beginning to uncover the signaling pathways and
regulatory circuits mediating ER stress and cell death in plants.
Oxidative stress, Ca+2 inﬂux to mitochondria, caspase-like activi-
ties, autophagy, and PCD related factors contribute to the ER stress
response.
Cells appear to implement a hierarchal regime involving a
series of checks and balances before succumbing to ER cell death.
Prolonged ER-stress leads to oxidative stress and if sustained;
autophagy can occur. If autophagy is not sufﬁcient to right the
ship, PCD removes the cell. Autophagy mutants display increased
PCD during nitrogen starvation; thus too much or too little
autophagy can result in PCD. Beclin-1 appears to serve as a key
checkpoint illustrating the intricate balance between pro-survival
and pro-death within autophagy pathways. By default, autophagy
pathways appear to be pro-survival and can be considered a last
ditch effort by the organism to cope with prolonged stress and
prevent the “point of no return” that leads to the induction of
apoptosis pathways. Intriguingly, although, Bcl-2 family members
have not been found in plants, mammalian BCL-2 family mem-
bers have been expressed in plants and demonstrate conserved
function transkingdom manner, thus suggesting that structural
/functional homologs of the Bcl-2 family exist in plants (Dick-
man et al., 2001; Doukhanina et al., 2006). The absence of a BH3
domain in plant Beclin-1 correlates with the failure to identify Bcl-
2 family members and the question remains open as to whether
there is a functionally operationally conserved mechanism or not
in plants.
The ER and ER stress pathways are becoming increasinglymore
prominent as potential targets for the pathogenic success of micro-
bial pathogens. We anticipate this to continue. For example, the
fungus P. indica induces cell death by inhibiting the UPR related
pro-survivalmachinery and then activating ER stressmediated cell
death machinery (Qiang et al., 2012). Moreover, numerous plant
viruses commandeer ER stress machinery to mitigate host defense
and theHR further highlighting the ER as amaster switch in biotic
(and abiotic) environmental stresses.
Key future issues include: (i) Identifying the relevant players
in plants and ﬁlling in the gaps in the in ER stress signaling
pathways and (ii) Deciphering ER mediated cell decision pro-
cesses. Although there are gaps in our knowledge surrounding
ER-stress induced cell death pathways, it is apparent that the
ER and UPR form a tight “cell death” regulatory network with
several plant organelles that together facilitate homeostasis in
mammals and plants in response to development and environ-
mental cues.
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